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Ultra-high resolution structureb-Lactoglobulin (blg) is the most abundant whey protein in the milks of ruminant animals. While
bovine blg has been subjected to a vast array of studies, little is known about the caprine ortholog.
We present an ultra-high resolution crystal structure of caprine blg complemented by analytical
ultracentrifugation and small-angle X-ray scattering data. In both solution and crystalline states
caprine blg is dimeric (KD < 5 lM); however, our data suggest a ﬂexible quaternary arrangement of
subunits within the dimer. These structural ﬁndings will provide insight into relationships among
structural, processing, nutritional and immunological characteristics that distinguish cow’s and
goat’s milk.
Structured summary of protein interactions:
cBlg and cBlg bind by cosedimentation in solution (View interaction)
bBlg and bBlg bind by cosedimentation in solution (View interaction)
cBlg and cBlg bind by X ray scattering (View interaction)
cBlg and cBlg bind by X-ray crystallography (View interaction)
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction processing and manufacture of milk products [1], making this ab-Lactoglobulin (blg) is the most abundant whey protein in the
milks of ruminant animals [1]. Bovine blg (bblg) has been the focus
of a vast array of studies aimed at understanding its structure,
properties and functionality, yet its physiological function remains
elusive. Its ability to bind hydrophobic molecules in vitro [2] is yet
to be established as a physiological role in vivo. It is not present in
human milk and has been identiﬁed as one of the main immuno-
genic proteins in cow milk, and thus contributes to cow milk aller-
gies [3]. Heat-induced changes in the protein can affect theprotein of great interest in the food industry.
Far fewer studies have focused on the caprine ortholog, cblg.
Recent work has suggested that goat’s milk is more easily digested
[4] and has a lesser allergenic burden [3] than cow’s milk. There is
a high degree of sequence identity between cblg and the two most
common bovine variants, A and B (only eight and six amino acid
differences in 162 residues respectively; see sequence alignment,
Fig. 1). There is evidence, however, for slight differences in their
physicochemical properties, particularly in regards to their ther-
modynamic stability [1] and protease susceptibility [4]. These have
the potential to inﬂuence the processing, digestion and immunoge-
nicity of goat’s milk and of its products.
Employing an expression system we developed for recombinant
bblg [5], recombinant cblg was successfully expressed in a soluble
form. The high purity achieved facilitated crystallisation of the pro-
tein, which allowed collection of a complete X-ray diffraction data
set to 1.17 Å. At this resolution it was possible to clearly deﬁne fea-
tures that in other blg structures, especially bblg, have been
obscured by the high levels of disorder and conformational
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results may provide insight into some of the physicochemical dif-
ferences observed among blg orthologs.
2. Materials and methods
2.1. Sequence alignment
A protein sequence alignment (Fig. 1) was performed between
cblg (UniProt: P02756), the bovine A and B blg variants (UniProt:
P02754) and blg orthologs from sheep (UniProt: P67976), reindeer
(UniProt: Q00P86) and pig (UniProt: P04119). The alignment was
performed using Clustal Omega [6].
2.2. Cloning, expression and puriﬁcation
The bblg A gene that was present in a pETDuet-1 plasmid con-
taining the gene for DsbC in the ﬁrst multiple cloning site (MCS1)
and bblg A in MCS2 was removed using the restriction enzymes
Nde1 and Kpn1. The open reading frame of the synthetic gene for
cblg was ligated into MCS2. The pETDuet-DsbC-cblg construct
was transformed into competent Origami (DE3) cells (Novagen),
as previously established [5], and plated on LB plates containing
15 lg/mL kanamycin, 100 lg/mL ampicillin and 12.5 lg/mL tetra-
cycline. A pre-culture was grown with shaking overnight at 37 C
in LB containing the same concentrations of antibiotics. The pre-
culture was used to inoculate 400 mL of LB media, which was fur-
ther incubated with shaking at 37 C until the cultures reached an
OD600 of 0.4–0.6. Protein expression was induced by adding isopro-
pyl-b-D-thiogalactopyranoside (IPTG) to a ﬁnal concentration of
0.5 mM. Protein expression was allowed to continue overnight at
26 C.
Cells were harvested by centrifugation, resuspended in 20 mM
Bis–tris, pH 6.5 and disrupted by sonication (Vibra-cell VC 750,
Sonics). Cell debris was pelleted by centrifugation and the lysate
loaded onto an anion exchange column (GE Healthcare). Protein
was eluted with a linear gradient of 0–1 M NaCl. Fractions were
analysed by SDS–PAGE and those containing cblg were pooled.
The protein concentration of the sample, estimated by absorbance
at 280 nm, was adjusted to 2 mg/mL and the pH of the solutionFig. 1. Sequence alignment of porcine, reindeeadjusted to 2.6 by drop-wise addition of HCl with stirring. NaCl
was added to the solution to a ﬁnal concentration of 7% (w/v)
and the sample stirred at room temperature for 30 min. Precipi-
tated Escherichia coli proteins were removed by centrifugation at
30000g. NaCl was added to the supernatant to a ﬁnal concentra-
tion of 30% (w/v) and stirred for 30 min to precipitate cblg. The
solution was re-centrifuged at 30000g. The pellet was then sus-
pended in a small volume of 50 mM Tris, 50 mM NaCl, pH 7.5
and the solubilised cblg was subjected to size-exclusion chroma-
tography (GE Healthcare). Bblg was also puriﬁed, as per Ponniah
et al. [5].
2.3. Analytical ultracentrifugation
Sedimentation velocity experiments were conducted using pro-
tein concentrations of 5 lM, 15 lM and 50 lM in 50 mM Tris,
50 mM NaCl, pH 7.5 at 20 C. Data were collected in continuous
mode at 290 nm at 50000 rpm in a Beckman Coulter XL-I analytical
ultracentrifuge. Buffer density and viscosity and an estimate of the
partial speciﬁc volume of cblg were calculated using SEDNTERP [7].
Data were ﬁtted to a continuous sedimentation coefﬁcient [c(s)]
model and continuous mass [c(M)] model using SEDFIT [8].
2.4. Crystallisation, data collection and structure determination
Sitting-drop vapour-diffusion crystallisation screens were per-
formed using a Mosquito crystallisation robot (TTP Labtech) and
the commercial crystallisation screens PACT, JCSG+, Clear Strategy
Screens 1 and 2, Midas and Morpheus (Molecular Dimensions Ltd.).
Drops consisted of 400 nL protein solution (10 mg/mL in 50 mM
Tris, 50 mM NaCl, pH 7.5) and 400 nL reservoir solution with wells
containing 100 lL reservoir solution. A large crystal formed in the
Morpheus screen (condition D1) after two weeks at room temper-
ature (22 C). The D1 condition contains a mixture of alcohols
(200 mM each of 1,6-hexanediol, 1-butanol, (RS)-1,2-propanediol,
2-propanol, 1,4-butanediol and 1,3-propanediol), 10% (w/v) PEG
20000, 20% (v/v) PEG MME 550 and 100 mM MES/imidazole at
pH 6.5.
For data collection the crystal was harvested with a litho-loop
and ﬂash-cooled in liquid nitrogen. Diffraction data were collectedr, bovine, caprine and ovine blg orthologs.
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toria, Australia, at a wavelength of 0.9537 Å. The detector was posi-
tioned 125 mm from the crystal and data were collected in 1 steps
over a 360 pass with an exposure time of 0.5 s each. Diffraction
images were indexed and integrated using iMOSFLM [9]. Scaling
and data reduction were performed using SCALA [10] from the
CCP4 program suite [11]. Molecular replacement was performed
by MolRep [12] using the crystal structure of bblg A (PDB: 1BSO
[2]) as the search model. The structure was reﬁned anisotropically
using REFMAC [13] and PHENIX [14] and iterative rounds of model
building were performed in COOT [15]. Superpositions were made
using PyMol [16]. The structure of cblg was compared to orthologs
with structures available: porcine (PDB: 1EXS [17]), ovine (PDB:
4NLJ), reindeer (PDB: 1YUP [18]) and a selection of bovine struc-
tures (PDB: 1B8E [19], 1QG5 [19], 3BLG [20], 1BSY [20], 2BLG
[20], 1BSQ [21] and 1BSO [2]). The structure of cblg was deposited
in the protein data bank (PDB: 4TLJ). At the time of writing we
became aware of two other non-isomorphous structures of cblg
deposited in the PDB (orthorhombic 4OMW and trigonal 4OMX)
but these have not yet been released.
2.5. Small-angle X-ray scattering
Small-angle X-ray scattering (SAXS) data were collected at the
Australian Synchrotron SAXS/WAXS beamline equipped with a Pil-
atus 1 M detector. The wavelength of the X-rays was 1.0332 Å. The
sample-to-detector distance was 1600 mm, which provided a q
range of 0.01–0.55 Å1. A total of 18 shots each of 1 s exposure
were collected using a 1.5 mm thin-walled glass capillary atFig. 2. (A) Puriﬁcation of caprine blg. Lane 1: Molecular mass marker, 2: soluble fraction
salt-fractionation, 5: pooled fractions post size-exclusion chromatography. (B) The conti
line) at 50 lM as a function of molar mass. The residuals for the c(M) distribution ﬁt indic
and 5.76, and 0.006 and 9.50 respectively. (C) Continuous sedimentation coefﬁcient dist
and 20 C) of caprine blg at concentrations of 5 lM (black), 15 lM (red) and 50 lM (blue
indicate randomly distributed noise. The rmsd and runs test Z-score for each ﬁt were as20 C. The protein was examined at a concentration of 55 lm in
buffer containing 50 mM Tris, 50 mM NaCl at pH 7.5. The protein
was subjected to size-exclusion chromatography prior to analysis
to remove any aggregates, and ﬂowed through a thin-walled glass
capillary during data collection to limit exposure of the sample to
radiation limiting the risk of aggregation and degradation. Two-
dimensional scattering intensity images were radially averaged
and background-subtracted. Data reduction and analysis were per-
formed using the ATSAS 2.6 package [22]. Guinier ﬁts were pro-
duced using PRIMUS [23]. An indirect Fourier transform was
performed using GNOM [24] to yield the function Pr, which gives
the relative probabilities of distances between scattering centres
and the maximum dimension of the particle Dmax. Particle volumes
were calculated using AUTOPOROD [25]. Theoretical SAXS scatter-
ing curves of the crystal structures of cblg and bblg orthologs were
generated from atomic coordinates and compared with the exper-
imental scattering curves using CRYSOL [26].
3. Results and discussion
3.1. Expression and puriﬁcation of caprine blg
Co-expression of cblg in E. coli Origami (DE3) cells with a disul-
ﬁde bond isomerase (DsbC), which allows for the proper formation
of disulﬁde bonds essential for the correct folding of blg, resulted in
good expression levels of cblg in the soluble fraction following son-
ication (Fig. 2A). The acid stability of cblg provided an effective
puriﬁcation step since at pH less than 3 and at moderate salt con-
centrations many of the contaminating proteins are precipitated.post sonication, 3: pooled fractions post anion-exchange chromatography, 4: post
nuous mass [c(M)] distributions of caprine blg (blue line) and bovine blg A (dashed
ate randomly distributed noise. The rmsd and runs test Z-score for the ﬁt were 0.006
ribution [c(s)] as a function of the sedimentation coefﬁcient (standardised to water
) and bovine blg A at 50 lM (dashed line). The residuals for the c(s) distribution ﬁts
follows: 0.004 and 0.89, 0.005 and 0.24, 0.006 and 5.80, 0.006 and 9.50.
Table 1
X-ray diffraction data-collection, processing and reﬁnement statistics of caprine blg.
Caprine blg
Data collection
Space group P21
Wavelength (Å) 0.9537
Number of images 360
Oscillation range per image () 1.0
Detector ADSC Quantum 315r
Cell dimensions
a, b, c (Å) 52.3, 54.6, 56.4
a, b, c () 90, 107.3, 90
Resolution (Å) 23.30–1.17 (1.23–1.17)
Rsym
 0.081 (0.694)
Rmeas
§ 0.087 (0.747)
Rpim
 0.032 (0.276)
I/rI 12.2 (2.6)
Total observations 729152 (104869)
Unique reﬂections 101724 (14688)
Completeness (%) 99.6 (99.1)
Redundancy 7.2 (7.1)
Wilson B-factor (Å2) 10.3
Matthews coefﬁcient VM (Å3 Da1) 2.14
Solvent content (%) 42
Reﬁnement
Resolution (Å) 23.30–1.17 (1.23–1.17)
Reﬂections used in reﬁnement 99665
Rfree reﬂections 2042
Rwork 0.132 (0.242)
Rfree 0.159 (0.291)
Protein monomers in asymmetric unit 2
Protein residues 324
Total atoms
Protein 1729
Ligand/ion 6
Water 478
Mean B-factor (Å2)
Protein 14.2
Ligand/ion 28.8
Water 29.7
r.m.s. deviations
Bond lengths (Å) 0.009
Bond angles () 1.655
 Rsym =
P
hkl
P
i |Ii (hkl)  hI(hkl)i|/
P
hkl
P
iIi (hkl).
§ Rmeas =
P
hkl [N/(N  1)]½
P
i |Ii (hkl)  hI (hkl)i|/
P
hkl
P
i Ii (hkl).
 Rpim =
P
hkl [1/(N  1)]½
P
i |Ii (hkl)  hI (hkl)i|/
P
hkl
P
i Ii (hkl).
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30% NaCl. After dissolving the precipitate in buffer a ﬁnal polishing
by size-exclusion chromatography resulted in very pure cblg, as
estimated by SDS–PAGE (Fig. 2A). This protocol yields 20–30 mg
of protein per litre of culture.
3.2. Quaternary state characterisation
To characterise the quaternary structure of cblg in solution we
performed a series of sedimentation velocity experiments, varying
concentration and comparing this to bblg A. The continuous sedi-
mentation coefﬁcient and mass distributions show that cblg at
50 lM exists predominantly as a dimer in solution (Fig. 2B and
C). The mass is predicted to be 32 kDa based on the c(M) analysis
(Fig. 2B) which is close to the calculated dimeric mass of 36 kDa.
However, it appears to be in a monomer–dimer self-associating
system, since decreasing the protein concentration increased the
amount of monomer, as seen by the decrease in the s20,w peak
(Fig. 2C). The weight-averaged sedimentation coefﬁcient also
decreases as the concentration is decreased (weight average
s = 2.86 at 50 lM, 2.75 at 15 lM, 2.57 at 5 lM) a sign that the pro-
tein is in self-association. We note that the sedimentation proﬁle
for the bovine dimer at 50 lM is very close to that of cblg
(Fig. 2C). We estimate that the KD21 for cblg may be within the
range of concentrations studied here (5–50 lM) and this has also
been observed for bblg at a similar pH and ionic strength as exam-
ined here (KD21 10.8 lM and 8.6 lM for bblg A and B, respectively,
at pH 7.5 in 20 mM MOPS, 100 mM NaCl) [27].
3.3. Crystal structure of caprine blg
To gain atomic information of the protein structure, we next
sought the crystal structure of cblg. The Morpheus screen was suc-
cessful in producing an extremely high quality crystal of cblg from
a mixture of aliphatic alcohols under low salt concentrations, in
contrast to the very high salt conditions under which bblg is tradi-
tionally crystallised. The pH of crystallisation is estimated from
combining equal volumes of a 50 mM Tris buffer at pH 7.5 with
100 mM MES/imidazole at pH 6.5 to be around 6.8–6.9. Data col-
lection and processing statistics are summarised in Table 1. Data
to 1.17 Å were used, as this corresponded to a mean ratio of I/
r(I) greater than 2 in the outer shell of reﬂections. Diffraction data
were integrated using iMOSFLM. The crystal belongs to the space
group P21 and the asymmetric unit contains two monomers of
cblg, based on a Matthews coefﬁcient of 2.14 Å3 Da1 and a sol-
vent content of 42%. Initial phases were estimated by molecular
replacement using MOLREP and the crystal structure of bblg A
(PDB: 1BSO [2]) as the search model. The initial round of reﬁne-
ment after molecular replacement resulted in a decrease in the
Rwork and Rfree values from 0.4594 and 0.4550 to 0.2812 and
0.2930, respectively, which suggested that the orientation and
number of molecules in the unit cell, as determined by molecular
replacement, were correct. Further reﬁnement resulted in a ﬁnal
model with an Rfree of 0.159 and an Rwork of 0.132 with good geom-
etry and no outliers in the Ramachandran plot, with the exception
of blg’s highly conserved Tyr99 which forms part of a gamma turn,
and Ala34 which forms part of the dimer interface and is held in an
unfavourable conformation by two hydrogen bonds, as seen in
other bovine structures [28,29].
Caprine blg is a small globular protein of 162 residues with a
monomeric mass of 18 kDa. Similar to the bovine, ovine and rein-
deer orthologs (Fig. 3A) and other members of the lipocalin family
[2], it has an antiparallel beta-barrel fold that forms a calyx (cup)
into which small hydrophobic molecules can bind. No ligands were
observed to be bound in the calyx in this structure. The EF loop,
which is present at the mouth of the calyx and undergoesconformational change at pH 7.3 for bblg [20], is in the closed
conformation in this structure determined at pH 6.8. This is con-
sistent with ﬁndings for bblg, which show the EF loop in a closed
conformation at pH 6.5, burying Glu89 as glutamic acid, whereas
the EF loop adopts an open conformation at pH values above 7,
exposing Glu89 as a glutamate [20].
The regions of the structure that suffer conformational ﬂexibil-
ity in bblg are also conformationally ﬂexible in cblg. Speciﬁcally,
the long CD and GH loops are quite ﬂexible in both caprine and
bovine blg structures (Fig. 3B), but the electron density is clearly
deﬁned for cblg, in contrast to bblg structures. Moreover, whereas
the C-terminal region is ill-deﬁned in bblg structures, it is well
deﬁned here along with improvement in deﬁnition of the AB loops
at the dimer interface and the pH-gated EF loops. Crystal packing
leads to marked differences in ﬂexibility and conformation of the
N-terminal region and in the CD loops for one subunit compared
to the other subunit of cblg.
While there appears to be a high level of structural similarity
between the bovine blg variants and cblg (Fig. 3A) there are differ-
ences present between them. When dimers are selected for align-
ment, the rmsds for the superposition of cblg onto bblg structures
range from 0.51 to 1.52 Å (1B8E, 0.51 Å; 1QG5, 0.54 Å; 1BSQ,
1.32 Å; 2BLG, 1.33 Å; 1BSY, 1.4 Å; 1BSO, 1.51 Å and 3BLG, 1.52 Å).
This range is due to the variable orientation of the second mono-
Fig. 3. (A) Crystal structure of caprine blg (PDB: 4TLJ, magenta) overlaid with bovine blg structures (PDB: 3BLG, 1BSO, 1BSY, 2BLG, 1BSQ, blue), reindeer blg (PDB: 1YUP,
purple) and ovine blg (PDB: 4NLJ, green). Monomer A of each structure is superposed indicating the variation in orientation of the second monomer. (B) PyMOL putty diagram
of caprine blg showing molecular rigidity and ﬂexibility as recorded in crystallographic atomic displacement parameters (B values) with the magnitude of the B values
displayed in rainbow colours (red: largest B value, blue: lowest B value) and by the width of the trace. The loops are labelled.
Table 2
Small-angle X-ray scattering structural parameters.
Caprine blg
q range (Å1) 0.01–0.55
I(0) (cm1) [from Guinier] 0.03
Rg (Å) [from Guinier] 23.9
I(0) (cm1) [from P(r)] 0.03
Rg (Å) [from P(r)] 23.7
Dmax (Å) 80.2
Porod volume estimate (Å3) 49699
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monomer is used for the alignment the rmsds reduce to 0.43 Å
(1B8E), 0.40 Å (1QG5), 0.36 Å (1BSQ), 0.35 Å (2BLG), 0.39 Å
(1BSY), 0.39 Å (1BSO) and 0.38 Å (3BLG), respectively. The closer
agreement of these numbers indicates that the tertiary fold of blg
is similar between bovine and caprine orthologs, but that there is
ﬂexibility in the orientation of the monomers relative to each
other. This is not correlated with pH (and by association the posi-
tion of the EF loop) as the structures selected for comparison cover
a range of pH values (3BLG: 6.1, 1BSY and 1BSQ: 7.1, 1BSO: 7.3,
1B8E and 1QG5: 7.9, and 2BLG: 8.2). The selection also includes
both bovine variants A and B (1QG5 and 1B8E), and one ligand-
bound structure (1BSO). Alternatively, the varied arrangement of
monomers in the dimer may be an artefact of crystal packing as
structures belonging to the same space groups are the most closely
related, for instance 1B8E and 1QG5 (space group C2221) have a
similar monomer arrangement to each other, whereas 1BSQ,
2BLG, 1BSY, 1BSO and 3BLG (space group P3221) share a slightly
different arrangement of monomers (Fig. 3A). When bovine struc-
tures are superposed on each other the rmsd values are consider-
ably lower (e.g. 0.23 Å for the 1BSY dimer versus the 3BLG
dimer) than those for caprine versus bovine structures (see above),
suggesting subtle differences do exist between the caprine and
bovine orthologs. There is a similar level of structural similarity
between cblg and the ovine and reindeer orthologs as for bovine
(rmsd: 1.24 and 0.75 Å, respectively), whereas the porcineortholog, which in the crystal structure features a domain swap-
ping quaternary association [17], is signiﬁcantly different (rmsd:
19.69 Å). This is understandable considering also the lower level
of sequence identity (63–65%) between porcine blg and caprine,
bovine, ovine and reindeer blg (Fig. 1). The latter four share
sequence identity in pair-wise comparisons of 93–99%.
3.4. Solution-state structure of caprine blg
SAXS data were collected to provide information about the
shape of cblg in solution. The structural parameters are summa-
rised in Table 2. Theoretical scattering curves were generated from
the atomic coordinates of the crystal structure of cblg, for both an
individual subunit and for the dimer. The dimer of cbLg gives a
much better ﬁt to the experimental scattering than the monomer,
Fig. 4. Small angle X-ray scattering data for caprine blg. (A) Experimental scattering proﬁle of caprine blg at 55 lM overlaid with theoretical scattering proﬁles, calculated
using CRYSOL, for the dimer (blue) and monomer (red) structure of caprine blg. The caprine blg dimer is a closer ﬁt than the monomer to the experimental scattering with a v
value of 0.93 compared to 4.20. The Guinier plot (inset) gives the scattering intensity at very low scattering angles and suggests that aggregated protein is absent from the
sample. (B) Distance distribution function p(r) determined using the indirect Fourier transformation package GNOM.
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observations by analytical ultracentrifugation that cblg is predom-
inantly a dimer in solution at concentrations of 5 lM and above,
indicating that the dimeric assembly observed in the crystal struc-
ture most likely corresponds to the structure of cblg in solution.
These results are in agreement with studies on bblg, which ﬁnd
that the dimer is the predominant form, except at low pH (<3)
combined with very low salt concentrations (<25 mM NaCl) where
the monomeric form with preserved tertiary structure is observed
[27,30–32]. The theoretical scattering proﬁles generated from
bovine structures (PDB: 1B8E, 1QG5, 1BSY, 2BLG, 1BSO, 3BLG and
1BSQ) were also compared to the experimental scattering of cblg.
The v values ranged from 0.69 to 1.07. These results support a ﬂex-
ible quaternary arrangement of monomers, as, while different crys-
tal structures have captured various conformations, none alone
precisely ﬁt the scattering data of the protein in solution.
4. Summary
We have presented here the puriﬁcation, crystallisation and
ultra-high resolution X-ray structure of caprine blg complemented
by solution-state analytical ultracentrifugation and small-angle X-
ray scattering data. In both solution and crystalline states, caprine
blg is clearly dimeric, yet our data suggest that there is ﬂexibility in
the arrangement of the dimer. Moreover, our sedimentation veloc-
ity data suggests that at pH 7 the protein is in a self-association
with a KD in the range of 5–50 lM. This structural knowledge
can now underpin on-going studies into the relationships between
structure and the processing, nutritional, and immunological dif-
ferences between cow’s and goat’s milk, with signiﬁcance for man-
ufacturing processes for products from goat’s milk.
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